The study objective was identification of affordable instrumentation capable of continuous and reliable ammonia sampling in a unit that remained calibrated for unattended remote operation during field trials. An electrochemical unit was successful at a reasonable cost for research or demonstration projects. A secondary objective was evaluation of lower cost alternatives for field professional use. Pull tubes and passive dosimeter tubes were compared to the electrochemical sensor performance under three test sites/situations: three commercial high-rise layer houses; three environmental control chambers; and a laboratory. Both hand-held instruments provided an indication of ammonia level, but accuracy was questionable in the relatively dirty and low ammonia level environment found in the commercial poultry houses. All three sensor types performed accurately in the relatively clean laboratory setting with 50-ppm ammonia calibration gas.
DESCRIPTION OF PROBLEM
One obstacle to environmental improvements in poultry houses has been the lack of a suitable method for measuring aerial ammonia concentration. The lack of easy-to-use field instrumentation has made it difficult to compare management, ventilation, or manure treatment, all of which affect ammonia volatilization. Numerous studies such as Carlie [1] , have documented the adverse effects of ammonia on bird health. In addition, ammonia volatilization from 1 To whom correspondence should be addressed poultry manure is a nuisance for neighbors, a potential risk to the environment, and a human health risk. Eight-hr exposure level for humans have been established by NIOSH (National Institute for Occupational Safety and Health) at 25 ppm and by OSHA (Occupational Safety and Health Administration) at 50 ppm. The IDLH (immediate danger to life and health) level is considered to be 300 ppm.
One primary challenge in improving ammonia control in poultry houses has been that people lose their ability to sense ammonia after even limited exposure to the gas. Poultry growers and industry professionals often cannot evaluate ammonia levels, because they can't detect even high ammonia levels in the bird environment. It has become important to have instruments that can reliably detect ammonia.
Interest is high in ammonia sensors that can integrate into environmental controllers to improve bird environment. Comparisons of ammonia concentration to relative humidity suggest that ammonia can increase much more rapidly than relative humidity (RH) [2, 3] , and ventilation to maintain appropriate ammonia levels can be up to nine times that needed to control RH [4] . Since RH level is not a suitable indicator to also control ammonia, more reliable means of measuring ammonia are needed.
BACKGROUND
Detection of ammonia with instruments under field conditions has been cumbersome. Common hand-held instruments often provide a spot check of conditions at one specific location at one point in time. Operator skill in using and interpreting the instrument findings is necessary. Despite these challenges, several methods for monitoring ammonia levels in the field have evolved.
The sampler pump and tubes ($380 for pump and $4 per tube) is a commonly recognized ammonia detection tool, often called a pull tube or gas detector tube. The tube contents change color to arrive at a scale value. Tubes are specific to a particular gas and often come in variety of scales. Readings offer a snapshot of conditions at the time the sample was drawn. Someone has to enter the facility and manually draw the sample, so automation is not possible. Multiple pulls of air into the tube are usually necessary, so monitoring can be time-consuming if determination of ammonia at many locations is needed. For example, the tubes used in this experiment required either two or ten pulls, with the higher number required for accuracy at lower (< 80 ppm) ammonia levels. Proper technique in using the instrument is essential. The tip of the tube needs to be exposed to the conditions under study for the full time the sample is being drawn into the tube. Fortunately, newer pumps are equipped with an indicator that tells when the sample draw is finished. This device is very helpful in timing multiple pulls.
Because of its cost, pull tube equipment is more often owned by a company and shared among field professionals rather than being owned by an individual grower. Overall uncertainty of pull tubes is considered to be within 25% of the actual reading (10-100 ppm range). Operator misuse can magnify this error. Furthermore, the presence of certain other gases will result in an error in measurement of the target gas. Tube instructions list the competing gases.
Passive dosimeter tubes offer a less expensive alternative for ammonia level determination at about $4 per tube with no sampler pump necessary. Both ends of the glass tube are broken off, and the tube is then exposed to the environment for a 1-to 10-hr duration to determine the average ammonia level during that time. Through diffusion, the reactive fill material changes color within the clear glass tube. Calibration marks printed on the tube indicate ppm × hour so that average ammonia concentration is determined by dividing by the sampling time.
Passive tubes have to be set out and a reading recorded by an attendant at the end of the sampling period. They offer the advantage of a longer exposure time, which can mitigate a spot check reading that may have been taken during a peak or trough of aerial ammonia. Overall accuracy of passive tubes may be within 20% of the actual reading. As with pull tubes, the presence of other gases can result in detection error. Skewes and Harmon [2] found the passive tube provided accurate time-weighted ammonia monitoring over a range of conditions from approximately 10 to 130 ppm. As they noted, in times of rapidly changing ammonia levels, passive tubes could only average the effect and not represent the history of changing conditions. The Ammonia Quick Test (distributed by Vineland Laboratories) is simple and inexpensive, calibrated for a range of 0 to 100 ppm ammonia. It undergoes a color change reaction. These sensors were tested by Skewes and Harmon [2] under commercial broiler production conditions and found to be adequate for estimating ammonia levels accurately at 20-25 ppm. However, accuracy was not acceptable above or below this rather narrow range.
Full-time ammonia monitoring in animal housing has been expensive, with instruments subject to degradation due to the harsh environment for electrical components, and instrument calibration challenging to maintain [5] . Continuous monitoring of conditions is needed during studies and for future improvements in poultry house environmental control. Infrared gas analyzers and other relatively expensive laboratory equipment have been used for ammonia level determination, but their use in the field has been cumbersome. Optical and infrared ammonia sensors are currently being developed for commercial use in environmental controllers with an anticipated price of about $400 per sensor.
Electrochemical sensors have been used for years [5] , with recent improvements in accuracy and maintenance of calibration making these devices more useful in a poultry house environment. Several manufacturers offer ammonia sensors that can provide continuous monitoring. Electrochemical sensors have working and reference electrodes that detect ammonia gas through measurement of a chemical reaction on the sensor head. Cross-sensitivities to a number of substances (listed in instrument instructions) can influence the chemical reaction. Instruments include their own temperature compensation and require a power supply. Digital and analog readouts of ammonia level are available, and connection to data logging or environmental control equipment is straightforward. Once set up, these sensors can determine ammonia level at preset intervals or on request. Electrochemical sensors have been successfully used to monitor gases in commercial poultry production facilities over full production cycles [6] .
Another approach to measuring ammonia volatilization on a more continuous basis for field research is use of a flux chamber such as that developed and described by Brewer and Costello [7] . Their broiler house unit utilized electrochemical sensors coupled with an electronic data logger. The flux chamber has the advantage of providing ammonia flux measurements averaged over an area (30″ × 48″, in this case) rather than a point reading.
In the study reported here, the primary objective was identification of affordable instrumentation capable of continuous and reliable ammonia sampling in a unit that remained calibrated for unattended remote operation during field trials. A second objective was evaluation of lower cost ammonia measurement alternatives for field professional use. Three types of sensors were compared under three types of environmental conditions.
MATERIALS AND METHODS

INSTRUMENTS EVALUATED
Two relatively inexpensive field instruments, pull tube and passive tube, were evaluated in comparison to an electrochemical sensor that continuously monitored ammonia level.
Electrochemical: An evaluation of sensors capable of monitoring ammonia continuously led to selection of a Dräger Polytron 2 model. The ammonia gas sensor has a minimum range of 0-300 ppm and a maximum range of 0-1000 ppm. The Dräger unit has a precision of ± 3% of full scale, which was ± 9 ppm during our study. The unit is precalibrated at the factory, and a simple calibration routine using calibration gas (50 ppm) can be performed in the field or a campus laboratory. The presence of other gases, such as HCN, CO, and NO, can lower measured values. The decision to examine Dräger was based on power requirements (battery powered), data logger compatibility (mA output), versatility (interchangeable sensor head for other gases), and cost. The unit is sealed against water, dust, and corrosion, which simplifies maintenance in an agricultural environment. This also aided in cleaning the unit between farms for biosecurity. A dust screen on the sensor head was replaced between field experiments. Built in self-test functions helped in determining when calibration or sensor head replacement was needed.
The Dräger unit consists of a multi-gas body (Polytron 2, $985) with a sensing unit ($395) specific to the gas of interest. The ammonia sensor can be replaced with a wide range of gas sensors, such as oxygen or carbon monoxide. A small, waterproof voltage data logger (ACR Owl 500, $275) was connected to each Polytron 2 for data storage between weekly downloads to a laptop computer. One set of PC Windowsbased software and an interface cable ($159) was needed to communicate with the units. A marine deep-cycle battery ($60) was used to power each unit so that it could be positioned anywhere within a poultry house with no wiring interference to the main electrical service. A 50-ppm ammonia gas calibration unit ($285) was used before and after each trial. Thus the first sensor unit system cost $2,160, with additional units sharing calibration and software at $1,700 each.
A maintenance and calibration check of the electrochemical sensor unit was performed before and after each use, utilizing the following steps:
1. The unit was carefully cleaned by wiping down the body with antibacterial soap and water. A new dust filter was installed in the sensor tip. If the unit needed to be cleaned from previous exposure to aerial pathogens, it was put in a gas chamber with ethylene oxide gas, formaldehyde gas, or hydrogen peroxide gas, using normal gas sterilizing methods. 2. The unit was restarted in a clean laboratory room for a minimum of three days to allow ample warm-up time and to clear any residuals from cleaning. The zero point was checked as per manufacturer instructions and reset if needed. 3. Calibration gas (50 ppm) was used to ensure that the unit properly went from zero to 50 and then returned to 0 after gas was removed. 4. If the unit recorded properly it was ready to use; otherwise, steps two and three were repeated after zero point drift (calibration) adjustment. Pull Tube: The Kwik-Draw Pump (MSA# 487500) with MSA detector tubes (MSA# 804405) 2 to 500 scale were used (n = number of pulls; n = 2 for 10-700 ppm or n = 10 for 0-100 ppm). This newer MSA (1997) pump model contained an indicator that told when the air sample had been completely drawn into the glass tube by the pump action. The pull tubes used in the laboratory trial were a different lot number (older) than the tubes used in the other trials, but all were well within the expiration date (tubes are good for about 2 years). The n = 10 scale (0-100 ppm) was used in all trials, with no temperature compensation.
Passive Tube: Sensidyne Corporation Gastec Passive Dosimeter Tube (part # 3D) for ammonia in the range of 25-500 ppm × hr were used. Measurement concentration can be achieved in as little as 0.5 hr, although for reliable measurements, 4 to 10 hr of sampling time is recommended (4 hr for 7 to 125 ppm; 10 hr for 3 to 50 ppm). Calibration of the tube is based on a tube temperature of 68°F (20°C) and approximately 50% RH (but 25 to 100% RH required no correction). Skewes and Harmon [2] found that adequate accuracy was obtainable without the temperature adjustment of tube readings at temperatures typically found within poultry facilities. Readings were not temperaturecompensated in the trials reported here.
TEST SITUATIONS
Three test sites/situations were utilized in evaluating the effectiveness and accuracy of these ammonia gas-measuring devices: high-rise layer houses; environmental control chambers; and the laboratory.
LABORATORY
Two "clean" trials were conducted in a medical entomology laboratory at the Pennsylvania State University on July 9 and November 4, 1998. No birds were present in the lab. The 50 ppm calibration gas (Supelco) was delivered for 30 min during each trial into a test apparatus as shown in Figure 1 . Five passive tubes were placed in the jar. At 5-min intervals, a pull tube (total five) was drawn and recorded. After the last pull tube sample was drawn, the exhaust hole was sealed with masking tape simultaneous with shutting off the ammonia gas flow. After 3 hr, the lid, which had been securely sealed with tape, was removed from the jar and the passive tubes readings were recorded. The electrochemical sensors were exposed to the 50-ppm calibration gas as in a calibration check as the air was flowing from the cylinder to the test jar.
ENVIRONMENTAL CHAMBER
Three Thermoliner environmental chambers (11′ × 14′ × 7′) at the Penn State Poultry Research Center were utilized for a 5-hr trial on November 11, 1998. Each of the chambers contained 60 caged chickens with manure removed three times each week. Chambers were being used in an environmental challenge study of temperature, relative humidity (RH), and ammonia level effects on layer hen health. During this test day, all three chambers were operated at about 25°C and 62 to 65% RH while ammonia treatment was either 0, 30, or 90 ppm. The aerial ammonia was provided in the room air supply (outside air plus NH 3 gas to create the desired concentration). Each chamber used a Dräger Polytron 2 electrochemical ammonia unit to monitor and control the ammonia level in the chamber. The unit was on a cart with the sensor head 3′ off the floor. Three passive tubes were placed in each chamber on the cart edge near the sensor head. In each chamber, a pull tube sample was drawn near the sensor head and recorded at the beginning of the trial. Two more pull tubes were drawn in each chamber and their readings recorded 5 hr later at the end of the trial. The electrochemical sensor was recording ammonia level at a 1-min interval with 5 hr of data averaged for the trial data. Ammonia level was steady during the trial time frame.
HIGH-RISE LAYER HOUSE
The experiment was conducted during spring 1998 in three similar high-rise poultry houses (50′ × 612′) at one commercial egg complex in southern Pennsylvania. Two electrochemical sensors were placed in each house, one upstairs and one downstairs, 160′ in from the endwall in Aisle 3 (of seven) upstairs. The downstairs instrument was directly below the upstairs instrument 4′ off the pit floor. The upstairs sensor was 6′ above the walkway. One pull tube and one passive tube reading were taken during a site visit at each electrochemical sensor head location. The electrochemical sensor value was an average of approximately 4 hr of data (5-min recording interval) which overlapped a similar passive tube exposure timeframe. The beginning point was close to the time of the pull tube reading.
RESULTS AND DISCUSSION
Data showed a wide range of agreement among the sensor types, with variation apparently dependent on location of the trial. Low ammonia levels were less consistently agreed upon by the three instrument types.
CLEAN LAB ENVIRONMENT
The sensors performed well in the laboratory environment (Table 1 ). Most sensors agreed that 50 ppm ammonia calibration gas was 50 ppm ± 5 ppm. One set of data (not shown and not included in the analysis) had all the pull tube readings at 100 ppm. It was subsequently determined that the tubes had aged beyond their expiration date, indicating the potential for inaccuracy in using expired tubes. It was clear that the passive and pull tubes performed well under the relatively clean laboratory conditions.
If the electrochemical sensor is the standard against which the other sensors are compared, then the passive tubes were the more reliable in this lab trial (Table 2, P = 0.676), with no statistically significant difference between these two types of sensor readings. The pull tubes showed a significant difference from the electrochemical, as indicated by the P value of 0.006 (Table 3 ). The pull tubes tended to indicate lower ammonia level, whereas the passive tubes erred both over and under the 50 ppm calibration gas level.
ENVIRONMENTAL CHAMBERS
Within the environmental chamber, the sensors had less agreement with each other (Table 4) than in the laboratory test. The electrochemical sensor agreed most closely with the treatment in the chamber at higher ammonia levels, but then, these sensors were being used to control chamber ammonia level. The passive tubes were generally in agreement with the chamber ammonia level but could be higher or lower by 10 to 30%. The pull tubes could be off by twice this amount and consistently read lower than the chamber ammonia level. Paired t-tests revealed that passive tube and electrochemical results were not significantly different (Table 5 , P = 0.638). However, pull tube and electrochemical test results were significantly different (Table 6 , P = 0.012). Correlation analysis (Table 7) revealed that environmental chamber results were highly correlated among all three measures.
COMMERCIAL HIGH-RISE LAYER HOUSES
Seven complete layer house data sets that had at least 4 hr of passive tube exposure time were analyzed (Table 8 ). The ammonia level was not expected to be similar among the houses or even similar at upper and lower levels of a given house, hence the variability of ammonia levels seen in Table 8 data. There was poor agreement among the three sensor types under commercial poultry house conditions. Statistics indicated that there was not a significant difference between the passive tube and electrochemical sensor (Table 9 , P = 0.730), nor between the pull tube and electrochemical sensor (Table 10 , P = 0.107). Correlations among the sensor types was poor (Table 11 ). The best correlation was between electrochemical and passive tubes (0.56), with pull and passive being only 0.16 and electrochemical and pull tubes having a negative correlation.
COMPARISONS AMONG RESULTS FOR THE THREE SENSOR TYPES
Environmental Differences: The tests performed in the layer houses had two large environmental differences, presence of commercially raised birds and lower ammonia level, compared to the other two venues. Otherwise the same instruments/sensors and techniques were used. In the relatively clean environment of a laboratory, the agreement among the sensors was best and near manufacturer specifications. Even in the environmental chamber, the environment was cleaner than in commercial production facilities since manure was removed frequently and dust and odor levels were lower. The gases that interfere with detection tubes may be more prevalent in commercial poultry houses. None of the three instruments had consistent agreement on how much ammonia was detected at low (< 10 ppm) ammonia levels. This is of some concern in livestock housing since, in many cases, ammonia levels below 10 ppm are considered desirable. Skewes and Harmon [2] also observed less agreement between passive and pull tube sensors at low ammonia levels. Within poultry housing a guideline has been to keep ammonia below 25 ppm for young birds and below 50 ppm for more mature birds. Even at 30 ppm (environmental chamber test) the pull tube sensors had spurious results, indicating a low 10 to 15 ppm. In a comparison, using the electrochemical sensor as the standard, the passive tubes were more consistent and accurate in determining ammonia level in all three environments. In the commercial production layer houses, neither the passive nor pull tube readings agreed well with the electrochemical sensor.
Scale Error: For each of the sensors, the wide range of detection made sensitivity to low ammonia levels hard to obtain. The electrochemical sensor had a range of 0 to 300 ppm ammonia ± 9 ppm (± 3% full scale). This error can be quite significant when the ammonia target is 25 ppm or less. For example, a reading of 20 ppm displayed on the electrochemical sensor could actually be 11 to 29 ppm. Data used for analysis were averaged over a time period to partially compensate for natural fluctuation in the reading. The electrochemical sensor chosen for these studies had the lowest range available at that time. The similarly large sensing range of the pull tubes (0-100 ppm) and passive tubes (25-500 ppm × hr) can lead to a similar problem. Future evaluation would improve if a narrower range of ammonia ppm was used.
Scale Drift of Electrochemical Sensor: Since the electrochemical sensor was used as the standard of comparison for the other two sensors, its reliability was important. Older electrochemical models have been accused of being prone to drift and poor calibration maintenance. During the 2 yr (14 months in service) since the purchase of the electrochemical units used in this study, the zero point drift has been less than ± 5 ppm. Additional field checks were done during a weekly site visit if there was any question about the accuracy of the electrochemical sensor. This was done by exposing the sensor to the 50-ppm ammonia calibration gas and observing the response. A properly operating sensor would display a reading of 50 ppm within about a minute and then go back to the original ambient ammonia reading once the calibration gas was removed. This periodic field testing resulted in proper ppm response in each case. However, the electrochemical sensors did not work perfectly all the time. Wires for the data logger and/or battery power source have been found damaged, which interrupted the circuit for the sensor operating power. A tool kit containing an Allen wrench set, small standard screwdriver, needlenose pliers, and wire strippers was useful for quick repairs such as this. The laboratory and environmental chamber tests demonstrated that the electrochemical sensors were performing consistently and correctly.
Operator Error: One might blame operator error for incompatible results. With so much technique to remember in proper use of pull tube pumps, operator error can lead to discrepancies more significant than the instrument error. To lessen variability among readings, one person collected data for most of the various trials. Sampling location was consistent and repeatable in being next to the electrochemical sensor head. The sample tube tip remained in the sampling location during the entire time the tube was drawing air, which was facilitated by the pull tube pump used in this study having a sample time indicator. Operator error was considered less likely in these trials due to the consistent protocol employed.
Sample Location: In this and other field investigations it has been challenging to find locations for sampling conditions that represent a whole building when that building contains a non-uniform environment. Readings can mistakenly be taken in areas that tend to have high ammonia levels, such as under a water line in a broiler house, or areas that have less ammonia, such as up at human eye level. Tests from a previous broiler project [3] demonstrated that lower ammonia levels are found at human head height and higher levels down at bird height, near the manure and litter. The non-uniform environment for exposure of the sensor tip and CONCLUSIONS AND APPLICATIONS 1. The Dräger Polytron 2 electrochemical units were successful in determining continuous and reliable ammonia level at a reasonable cost for research or demonstration projects. 2. Both pull tube and passive tube instruments will provide an indication of ammonia level, but accuracy is questionable for the relatively dirty and low ammonia level environments found in livestock housing. 3. Passive dosimeter tubes are a low-cost, hand-held instrument alternative for ammonia sampling by agricultural professionals. They average conditions over a time interval rather than giving a single spot check of conditions. 4. Pull tubes tended to underestimate the ammonia level, particularly in environments with birds, where the error was unacceptable.
